Abstract Among the many miRNAs involved in plant stress responses, miR399 is well known to be involved in controlling phosphate homeostasis by down-regulating the expression of PHO2, which encodes the ubiquitin-conjugating E2 enzyme, UBC24, in Arabidopsis. In this study, to understand the expression of the rice OsmiR399 genes under abiotic stress conditions, the expression of the eleven OsmiR399 (a-k) genes was studied by analyzing the levels of their precursor transcripts (pre-miRNAs) in the roots and shoots of rice seedlings subjected to the stress-responsive phytohormone abscisic acid (ABA). We found that the OsmiR399 genes showed different patterns in pre-miRNA accumulation. In particular, OsmiR399b, OsmiR399d, OsmiR399e, and OsmiR399f showed high and steady accumulation in both the roots and shoots regardless of ABA treatments. However, OsmiR399c and OsmiR399k showed ABA-induced expression in the whole plant body or aerial part of the rice seedlings. In addition, to test the possibility that the putative rice PHO2 ortholog of Arabidopsis, also known as LEAF TIP NECROSIS 1 (LTN1), might be down-regulated by the multiple OsmiR399s with certain sequence divergences, four different lines of transgenic rice plants that overexpress either the constitutively expressed OsmiR399s (OsmiR399d and OsmiR399f) or the ABA-inducible OsmiR399s (OsmiR399c and OsmiR399k) were produced and the levels of OsmiR399 pre-miRNAs and LTN1 transcripts were analyzed. A significant decrease in the accumulation of LTN1 transcripts and an increase in the OsmiR399 pre-miRNAs levels were found in all of the transgenic plants. Based on these results, we concluded that LTN1 is down-regulated by multiple OsmiR399 genes in rice.
Introduction
Plants are constantly exposed to unfavorable growth conditions throughout their life cycle. Abiotic stresses, such as nutrient deprivation, drought, high salinity, and extreme temperatures, adversely affect the growth and development of plants, thereby decreasing plant productivity. To maintain the growth and productivity, plants need to adapt to stress conditions by executing tolerance mechanisms that are quite often mediated by the phytohormones such as abscisic acid (ABA) (Jeschke et al. 1997; Wang et al. 2003; Vinocur and Altman 2005; Sreenivasulu et al. 2007; Mazzucotelli et al. 2008; Urano et al. 2010; Jin et al. 2011; Danquah et al. 2014; Mehrotra et al. 2014; Yoshida et al. 2014) .
One of the regulatory mechanisms to adapt to stress conditions occurs at the post-transcriptional level and involves microRNAs (miRNAs) of approximately 21 nucleotides that are reported to function as negative regulators (Reinhart et al. 2002; Carrington and Ambros 2003; Bartel 2004) . Most plant miRNAs, generated from the sequential processing of their primary miRNA transcripts Eun Ji Kwon and Min Kyoung Lee contributed to this work equally.
& Minkyun Kim mkkim3@snu.ac.kr (pri-miRNAs) and shorter stem-loop precursor transcript (pre-miRNA), are known to interact with their targets through perfect or near-perfect complementarity matching and generally lead to target mRNA cleavage (Carrington and Ambros 2003; Bartel 2004; Dugas and Bartel 2004) . Among the many miRNAs involved in plant stress responses (Sunkar et al. 2007; Khraiwesh et al. 2012; Sunkar et al. 2012) , miR399 is known to be induced by phosphate starvation and involved in controlling phosphate homeostasis by down-regulating the expression of PHO2, which encodes the ubiquitin-conjugating E2 enzyme, UBC24, in Arabidopsis Bari et al. 2006; Chiou et al. 2006; Kuo and Chiou 2011) . In addition, miR399 expression is also known to be repressed upon nitrogen starvation in Arabidopsis (Liang et al. 2012) .
Originally, three genes were predicted to be targeted by miR399 in Arabidopsis through computational analyses: genes encoding a DEAD box helicase, PHO2 (UBC24), or the Pi transporter (PHT 1;7) (Jones- Rhoades and Bartel 2004; Sunkar and Zhu 2004; Allen et al. 2005) . However, only the 5 0 UTR region of PHO2 (At2g33770) transcripts has been validated as the target site of miR399(a) using 5 0 RACE assays in Arabidopsis . It is well known that miR399 is highly conserved in different plant species, including Arabidopsis, rice, and barley (Jones-Rhoades and Bartel 2004; Sunkar and Zhu 2004; Xie et al. 2005; Zhu et al. 2008; Hackenberg et al. 2013) . In addition, similar to the relationship of Arabidopsis miR399-PHO2, the putative rice PHO2 ortholog of Arabidopsis, also known as LEAF TIP NECROSIS 1 (LTN1), was suggested to be regulated by OsmiR399 (Oryza sativa miR399) in rice (Hu et al. 2011) .
In this study, the expression of the eleven OsmiR399 genes was analyzed in the roots and shoots of rice plants subjected to ±ABA treatment. In addition, we generated several OsmiR399-overexpressing transgenic rice plants and provide evidence that LTN1 is down-regulated by multiple sequence-divergent OsmiR399s in rice.
Materials and methods

Plant materials and ABA treatment
The rice cultivar Ilmi (Oryza sativa L. ssp. japonica) was used in this study. The seeds were sterilized with 50 % bleach solution and 70 % ethanol and then plated on halfstrength MS medium (Murashige and Skoog 1962) containing 1 % sucrose, 0.05 % 2-(N-morpholino)ethanesulfonic acid (MES)-KOH (pH 5.7), and 0.7 % phytoagar for seed germination. The sterilized seeds were stratified for 4 days in the dark at 4°C to break seed dormancy and transferred to growth chambers at 28°C under long-day conditions (16-h light/8-h dark regime at 150 lE/m 2 /s of light intensity). The 2-week-old rice seedlings were grown in Magenta boxes and spray-treated with 100 lM of ABA solution.
Chemicals, kits, and oligonucleotides
The ABA and total RNA extraction kits were purchased from Sigma-Aldrich (St. Louis, USA) and Qiagen (Valencia, USA), respectively. All of the oligonucleotides used in this study were synthesized by Macrogen (Seoul, Korea).
Construction of recombination plasmids for rice transformation
The PGD1::OsmiR399d and PGD1::OsmiR399f recombinant plasmids (Fig. 1) were constructed using a binary vector (pZP1-AP26) that contains the rice constitutive PGD1 promoter (Park et al. 2010) . First, the pZP1-AP26 vector was treated with KpnI and BamHI restriction enzymes to remove the AP26 DNA region, and the PCRproduced DNA fragments corresponding to the OsmiR399d or OsmiR399f precursor transcripts (http:// www.mirbase.org/) were fused with the PGD1 promoter in the AP26-removed vector. The resulting intermediate recombinant plasmid was then treated with XmaI and EcoRI restriction enzymes to remove the remaining 3 0 nos terminator and subsequently ligated with the cassette DNA containing the pinII terminator from the Solanum tuberosum proteinase inhibitor II gene, the CaMV 35S promoter, the bar gene as a selection marker, and the 3 0 nos terminator.
The RAB21::OsmiR399c and RAB21::OsmiR399k recombinant plasmids ( Fig. 1 ) were constructed using a binary vector pPZP-3 0 PINII-Bar. First, the pPZP-3 0 PINIIBar vector was cut using the HindIII restriction enzyme and ligated with the DNA fragment corresponding to the stress (drought and high salt)-or ABA-inducible RAB21 promoter (Mundy and Chua 1988) . The resulting intermediate recombinant plasmid was then treated with XbaI and BamHI restriction enzymes and the RAB21 promoter region in the restriction enzyme-digested plasmid was subsequently ligated with the PCR-produced DNA fragments corresponding to the OsmiR399c or OsmiR399k precursor transcripts (http://www.mirbase.org/).
Agrobacterium-mediated rice transformation
Rice calli production and transformation was conducted according to previously described methods with some modifications (Hiei et al. 1994; Jang et al. 2002; Lee et al. 2002; Kang and Kim 2006; Lee et al. 2006) . The calli were derived from the sterilized mature rice seeds via incubation on 2N6 medium (Toki 1997) at 28°C for 3 weeks under dark conditions, following 1-week incubation under continuous light. They were then subcultured on fresh 2N6 medium for 4-5 days under continuous darkness. The yellowish and actively growing pieces of calli were used for transformation. The transformants of Agrobacterium tumefaciens strain EHA101 were grown for 3 days on AB medium (Chilton et al. 1974; Cheng et al. 1998 ) supplemented with spectinomycin (50 lg/mL) and kanamycin (50 lg/mL). The bacteria were collected and resuspended in AAM medium (Hiei et al. 1994 ) containing 200 lM of acetosyringone to reach an OD 600 of 1-3. The rice calli were then immersed in the bacterial suspension for 30 min and transferred without rinsing onto 2N6-AS medium (Cheng et al. 1998 ) and incubated at 28°C in the dark for 5 days. After the co-cultivation, the calli were rinsed with 25 mg/L of cefotaxime in sterile water, and placed on 2N6 medium supplemented with 250 mg/L cefotaxime (2N6-C) and cultured for 10 days. Then, the calli were transferred to MSR-CP regeneration medium (Sohn et al. 2006 ) containing 2 mg/L of phosphinothricin. The MSR-CP medium was changed every 2 weeks until shoots were observed from the calli and the regenerated shoots were transferred to root induction medium. The rooted plants were transferred to soil and grown for the collection of seeds.
Semi-quantitative RT-PCR analyses
Total RNA was extracted from 2-week-old wild-type or transgenic rice seedlings using TRIzol (Thermo Fisher Scientific, Waltham, USA). A total of 2 lg of total RNA was used as a template for reverse transcription with the ImProm-II Reverse Transcription kit (Promega, Madison, USA), and 1 lL of the resulting cDNA was used for PCR reactions with specific primer sets ( Table 1 ). The two-step RT-PCR reaction was performed as follows: for cDNA synthesis, total RNA was denatured at 70°C for 5 min and chilled on ice for 5 min. Reverse transcription was performed at 25°C for 5 min, 42°C for 60 min, and terminated at 70°C for 15 min. For PCR amplification of cDNA, the synthesized cDNA was denatured at 95°C for 5 min, and amplified by 35 cycles of PCR reactions (denaturation at 95°C for 30 s; annealing at 58°C for 30 s; extension at 72°C for 30 s). The final termination reaction was achieved at 72°C for 7 min. The OsActin gene was used as a quantitative control for the PCR reaction.
Results and discussion
Analyses of the precursor transcript levels for the eleven OsmiR399 genes in rice seedlings treated with -ABA There are eleven OsmiR399 genes (OsmiR399a-k) in rice, producing mature microRNAs with 2-3 nucleotide differences in their sequences (Fig. 2) , through the processing of their precursor transcripts (Zhang et al. 2010 ; http:www. mirbase.org/). To better understand the expression of the rice OsmiR399 genes under abiotic stress conditions, the levels of the precursor transcripts (pre-miRNAs) for OsmiR399a-k were analyzed using semi-quantitative RT-PCR with pre-miRNA-specific primers in 2-week-old rice seedlings treated with ±100 lM of ABA. As shown in Fig. 3 , the transcripts of the OsmiR399a-k precursors showed different levels and patterns of accumulation in both the roots and shoots of the rice plants. In particular, OsmiR399b, OsmiR399d, OsmiR399e, and OsmiR399f showed high and steady accumulation of their pre-miRNAs in both the roots and shoots regardless of ABA treatments, while OsmiR399 h and OsmiR399j showed low or little expression. After ABA treatment, a significant increase in the pre-miRNA accumulation of OsmiR399c was found in both the roots and shoots, indicating that ABA-induced expression of OsmiR399c occurs in the whole plant body of the rice plants. Consistent with these results, previous studies have shown that certain members of the Arabidopsis miR399 family are also induced by an ABAderived AP2 transcription factor (unpublished data from our laboratory). Additionally, OsmiR399k showed a (2016) 59(4):623-630 625 gradual but significant increase in the level of its premiRNA transcripts only in the aerial parts of the plants, reflecting a local induction of OsmiR399k under stress conditions. However, in the case of OsmiR399g and OsmiR399i, relatively small and slow increases in the accumulation of their pre-miRNA transcripts were observed in the rice shoots upon ABA treatments. OsmiR399a also showed a small but relatively quick response to ABA treatments in roots of the plants. The wide variety of transcript levels and differences in the accumulation kinetics among the OsmiR399a-k precursors suggested that there might be a functional divergence among the eleven OsmiR399 genes.
Down-regulation of LTN1 by multiple OsmiR399 genes
As mentioned earlier, mature microRNAs with certain differences in their sequences are generated from the eleven OsmiR399 genes in rice (Fig. 2) . However, it is not known at the present time whether these sequence-divergent rice OsmiR399s, whose precursors showed various levels in rice seedlings and different ABA-induced accumulation kinetics (Fig. 3) , target the same transcripts or not. In fact, only a couple of OsmiR399 genes, such as OsmiR399f and OsmiR399j, were previously tested and shown to downregulate LEAF TIP NECROSIS 1 (LTN1), via the analyses of the transgenic rice overexpressing their pre-miRNAs (Hu et al. 2011) . Therefore, it was tested in this study whether the down-regulation of LTN1 occurs by other members of OsmiR399 gene family that produce the sequence-divergent mature miRNAs. For this purpose, four different transgenic rice plants that overexpress either the constitutively expressed OsmiR399s (OsmiR399d and OsmiR399f as a positive control) or the ABA-inducible OsmiR399s (OsmiR399c and OsmiR399k) were produced by the rice calli transformation and regeneration (see Materials and Methods). As shown in Fig. 4A , the levels of the OsmiR399 premiRNA transcripts were all higher in the eleven transgenic lines (#11 and #23 of PGD1::OsmiR399d; #1, #46, and #49 of PGD1::OsmiR399f; #30, #37, and #43 of RAB21::OsmiR399c; #19, #41, and #44 of RAB21::OsmiR399k) compared with the wild-type (WT) plants, indicating that the OsmiR399 transgenes were highly expressed by the action of the PGD1 or RAB21 promoter in the transgenic plants. However, the overexpression of OsmiR399c or OsmiR399k precursors in the transgenic plants in the absence of any stress treatments was an unexpected outcome. Assuming that there were no unknowing stresses exerted on the plants under the in vitro growth conditions, the basal level activity of the RAB21 promoter fused with OsmiR399 transgenes might have been higher than the activities of the OsmiR399c and OsmiR399k promoters in 2-week-old rice seedlings, thus causing the higher The levels of the LTN1 transcripts in the OsmiR399 transgenic lines were compared with those of the WT plants. The accumulation of the LTN1 transcripts in all of the transgenic plants, including the PGD1::OsmiR399f control lines, was found to be dramatically decreased compared with the WT plants (Fig. 4B) , clearly indicating that the LTN1 transcripts were all suppressed by the action of the sequence-divergent OsmiR399s tested in this study. Therefore, we concluded that LTN1 is down-regulated by the multiple, sequence-divergent OsmiR399s in rice. The differential decreases in the LTN1 transcript levels observed among the four different OsmiR399 transgenic plants might be due to the differences in the amounts of the OsmiR399s accumulated in the transgenic plants and the differential targeting of LTN1 transcripts by OsmiR399s caused by the sequence differences of OsmiR399s as well.
The findings in this study do not eliminate the possibility that genes other than LTN1 might be also targeted by OsmiR399s in rice, just like the presence of several candidate genes other than PHO2 as the potential targets of miR399s in Arabidopsis Pant et al. 2009 ). Therefore, this possibility needs to be tested via the computational analyses in the future. In addition, the biological significance of the differential expression of the OsmiR399 genes remains to be elucidated in the context of the regulation of the target gene LTN1, especially under the environmental stress conditions that rice plants experience during their life time. Fig. 4 Comparison of the levels of OsmiR399 premiRNAs and LTN1 transcripts between the wild-type (WT) and OsmiR399-overexpressing transgenic rice plants. Semiquantitative RT-PCR analyses were performed using total RNAs isolated from whole bodies of 2-week-old rice seedlings to compare the levels of (A) OsmiR399 pre-miRNAs or (B) LTN1 transcripts between the WT and T 1 transgenic rice overexpressing four different OsmiR399 precursors (d, f, c, and k) under the PGD1 or RAB21 promoter. OsActin was used as a control to verify that equal amounts of RNA were loaded in each lane. Compared with the amounts of the PCR products loaded for the gels shown in Fig. 3A , lower amounts of the PCR products were used for the results in Fig. 4A . The LTN1 transcript levels in OsmiR399-overexpressing transgenic rice plants were quantitated relative to those in WT (bottom in Fig. 4B ): data are the mean ±SE of the transgenic lines analyzed
